Abstract-In this presentation two classes of compact waveguide structures with functionalities important in high-speed telecommunication networks are reviewed: The first one demonstrates slowing-down of light to 4% of the vacuum speed of light in a photonic crystal line-defect waveguide (PC-LDWG). A fabrication-tolerant bandwidth of 1300 GHz for carriers in the 200 THz range is shown both in 3D-simulations and upscaled microwave experiments. The second class introduces optically bistable and direction-dependant transmission in nonlinear materials for stopband-tapered waveguide Bragg gratings (ST-WBG). Optical switching powers of less than 2.7 mW are required to achieve an optical isolation ratio of 11 within 300 µm propagation through an active material.
Photonic crystals (PCs) offer unique possibilities to control the flow of light. Nanocavities with extremely high-Q factors can be realized [1] , dispersion properties of photonic crystal waveguides can be engineered, light pulses can be slowed down or even stopped [2, 3] . Slow-light structures significantly reduce the size and power needed for optical modulators and nonlinear elements [4] . Optical bandwidths greater than 20 GHz and low dispersion needed for optical communication systems have however not been demonstrated experimentally so far. Furthermore, the effect of unavoidable fabrication-induced disorder on the group velocity in photonic crystal line-defect waveguides (PC-LDWG) has not yet been studied. We investigate a PC-LDWG designed for broadband slow-light transmission according to [3] . Experiments were conducted in an upscaled microwave model [5] and can be directly translated to optical frequencies because of the scaling laws of Maxwell's equations. Waveguide structures for the experiments are upscaled by a factor of 20000, while the frequency is downscaled by the same amount. This way it is possible to study, e.g., the effect of disorder in PC air-hole radii on the group velocity systematically. Measured results were transformed back into the optical regime and agreed well with 3D finite integration simulations performed with CST Microwave Studio (MWS).
We also show a second class of nonlinear material waveguide devices that are asymmetric concerning forward and backward propagation of light. The asymmetry is caused by Bragg gratings on the sidewalls of strip waveguides. The grating amplitude is varied linearly along the waveguide, consequently field confinements change along the waveguide. In conjunction with nonlinear materials a directionality of the waveguide device is established. Furthermore, transmission not only depends on the propagation direction, but also on optical input powers. Effectively a hysteresis loop can be opened, which is usable for bistable switching devices or isolators. Modified gratings on the waveguide sidewalls change the position and extension of a photonic stopband along the waveguide, justifying the term "stopband-tapered waveguide Bragg grating" (ST-WBG) [6, 7] . Equivalently structured active materials with nonlinear gain, e. g., semiconductor optical amplifiers (SOAs), enhance the device performance by reducing required switching powers.
BROADBAND SLOW SLIGHT WAVEGUIDE STRUCTURE
A slow light PC-LDWG was designed in a membrane structure with relative permittivity ε r = 10, which is close to the value for semiconductor materials in optical devices. The specific parameters of the PC-LDWG are a lattice constant a = 0.45 µm, membrane height h = 0.27 µm, hole radius r/a = 0.25 and a central linear defect width 0.75 a, see inset schematic of Figure 1(a) . This structure confines light on a specific mode of the central defect, and may be probed by measuring the propagation of light pulses. Figure 1 (a) characterizes the frequency dependant group velocity of such pulses in simulations and experiments. The chosen design slows down light pulses to group velocities as small as 4% of the speed of light. This is achieved over a very wide range of 1300 GHz on the left side of the plot in Figure 1 (a). The experimentally measured curve deviates only slightly from the 3D-simulation. The upper frequency axis has been scaled from the microwave regime experiment to the optical domain. It is shifted with respect to the lower, simulation-frequency axis to fit curves. This mismatch is attributed to an uncertainty in the effective relative permittivity of the dielectric material used. Furthermore, simulations assume ideal, lossless materials. For the microwave experiment, a slot antenna was designed which excites the TE-polarized mode in a strip waveguide. To better couple to the low group velocity mode of the PC-LDWG, taper sections were introduced, slightly increasing the width of the PC-LDWG toward the input and output strips. Pulse transmission experiments were carried out with a modulated microwave source and a detector. Pulses were nearly Gaussian with an equivalent optical duration of 0.5 ps and a bandwidth of 1.3 THz. Figure 1(b) shows the actual delay of a pulse transmitted through a perfectly structured W0.75 waveguide with a length of 30 lattice constants. The reference pulse passes through the tapered regions, only, with the slow-light portion of the device taken out. To study the effect of disorder on the group velocity characteristics of the device, we introduced normally distributed variations of the radii of the air cylinders. The standard deviation was set to 5% of the nominal radius. We produced three different realizations, each with a length of 15 periods. In Figure 2 (a) the group velocity measurements from the microwave pulse experiments are displayed. The samples had slightly different material properties which introduced frequency offsets between the curves. These have been leveled out to compare the effect of the geometric disorders between the different realizations. The low group velocity propagation of the probing pulse does not deteriorate. We also conducted 3D-simulations for 8 different realizations of radially disordered PC-LDWGs with constant material properties, see Figure 2 (b). The mean group velocity of the disordered systems (dash-dot) in comparison with an ideal structure (solid line) is higher. Single system performance varies over the indicated range. This behavior will be subject of future investigations.
The PC linear defect waveguides described up to this point were highly symmetric, apart from unwanted disorder from fabrication inaccuracies. In the following two sections we drop the symmetry requirement with regard to forward and backward direction of the waveguide. This second class of waveguides also involves periodic structuring. Stopbands, however, are modified with the side wall corrugations of strip waveguides, resulting in stopband-tapered waveguide Bragg gratings (ST-WBG). In combination with nonlinear materials, either passive or active, the formed strip waveguides have propagation characteristics which depend on the direction and level of the optical input powers.
MODELING OF NONLINEAR SWITCHING DEVICES
Passive and active nonlinear Bragg gratings of spatial period Λ are modeled using coupled mode theory [8] . We formulate a system of coupled partial differential equations [6, 7] for wavelengths close to the Bragg wavelength in either passive or active material systems, and we neglect dispersion:
The envelopes of the forward and backward traveling A f and A b are assumed to vary slowly with time t and position z. The carrier angular frequency is ω 0 , k is the propagation constant, k B = π/Λ the Bragg wavenumber, Γ N L ∝ n 2 the contribution from the Kerr type nonlinearity, α the SOA linewidth-enhancement factor, g is the modal gain, g 0 is the unsaturated gain, P sat the saturation power, τ the carrier lifetime, and κ is the grating's linear coupling coefficient. The detuning parameter is defined by
Structural non-uniformity can be introduced by e. g., a chirped or stopband-tapered grating, by an asymmetric phase shift, or by a combination of these. If nonlinearities are involved, such devices show a nonreciprocal transmission characteristic. By way of illustration, we discuss a grating with length L, where the effective refractive index n(z) changes both with z and the electric field magnitude E according to n(z) = n 0 + ∆n G (z) cos(2πz/Λ) + n 2 |E| 2 . The structure's bandgap is tapered by varying the grating amplitude ∆n G (z) linearly along z. This changes the coupling coefficient
, with ∆κ as tapering coefficient. For the same operating point the penetration depth of the input field is different if the light is incident from different directions, which in turn leads to a nonreciprocal behaviour, as shown in the following.
PERFORMANCE OF NONLINEAR SWITCHING DEVICES
We consider an InP-based ST-WBG with n 0 = 3. For the active (passive) grating and an RTL input power of 2.7 mW (130 mW) the output power is 6.8 mW (120 mW) according to Figure 4 (a) (Figure 4(b) ), while the same input power of 2.7 mW (130 mW) for LTR operation leads to an output power of 0.62 mW (15 mW) with an associated isolation ratio of 11 (8) . The up-and down-switching thresholds scale linearly with the grating length [10] , so doubling L would reduce the relevant powers by a factor of two. Figure 4 (c) displays the impulse response of the passive grating with the same detuning δ 0 L = 4.75 as before (within the stopband near its upper edge at z=0) and for an input peak power of 170 mW, either for LTR or RTL operation. The average input power of 85 mW is close to the RTL up-switching threshold in Figure 4 (b). For RTL propagation the transmitted impulse is larger (and more compressed because of the high dispersion near the band edge) than for the LTR direction (where the carrier frequency is farther away from the band edge and dispersion is lower). 
CONCLUSIONS
We have discussed two classes of waveguide devices. The first one consists of photonic crystal line-defect waveguides realizing slow modes propagating with group velocities of 0.04 c over an unprecedented bandwidth of 1300 GHz. Measurements in PC-LDWGs geometrically scaled up for operation at microwave frequencies confirmed the performance of the 3D-simulated designs. A variation of the radii of air cylinders in a range to be expected when producing respective PCLDWGs at optical frequencies did not degrade the slowing down of pulses, which is prospective for telecommunication applications. Breaking symmetries in a second class of structured devices, stopband-tapered waveguide Bragg gratings, enabled all-optically switching or isolating devices, which are of high interest in the conditioning of light in optical networks. It should be pointed out that elements of the latter class may be incorporated into PC-LDWGs of the former class, be it the non-uniformity of the waveguide itself, the explicit use of active materials, or the operation at different power levels. Methods to enable and investigate such novel nanostructured devices have been put forward.
